Introduction {#sec1-1}
============

Approximately 236 to 1009 per million people suffer from spinal cord injury (SCI) to varying degrees globally (Alam and He, 2014). Due to the lack of research and limited understanding of human SCI, there are currently no direct cures for the loss of motor function that results from an SCI. Historically, methods to enhance axonal regeneration were the dominant approach to spinal cord repair. However, recent studies using animal models do not show significant axonal regeneration caudal to the site of injury, suggesting an innate plastic ability of the central nervous system (CNS) to redirect signaling *via* alternate pathways. Taking into consideration the severe impacts SCIs have on quality of life, current lack of proven therapeutic interventions, and evidence of innate plasticity in other species, neuroscientists must further explore mechanisms by which damage from SCI occurs and the possibility of harnessing plasticity in the human CNS.

Animal models, especially rats, have provided immense insight into the biological processes within the CNS contributing to functional recovery after SCI (**[Figure 1D](#F1){ref-type="fig"}**). However, it is recognized that motor recovery of rats after SCI greatly surpasses those observed in humans. Research has shown contused rats express non-significant corticospinal axonal regeneration caudal to the injury site, yet regain weight bearing function just one week after injury, as assessed by Basso, Beattie, and Bresnahan scores (**Figure [1A](#F1){ref-type="fig"}--[C](#F1){ref-type="fig"}**). Such disparities in recovery arise from interspecies biological variations. Primarily, these include evolutionary changes in CNS structural dependence and post-injury neuroplastic adaptive recovery.

![Animal models of SCI.\
After an SCI, there are major differences in the extent of recovery that occurs in different animal models. Four weeks after a spinal contusion in rats, biotinylated dextran amine, an anterograde axon tracer, was injected into the motor cortex. In a transverse spinal cord section rostral to the injury, hundreds of axons are labeled in the dorsal corticospinal tract (A), however caudal to the injury there are no labeled axons (B). Even in the absence of the dorsal corticospinal tract, the rats regain the ability to bear weight and step seven days after injury, continuing to improve for at least a month post-SCI (C). Even though this recovery is much higher than what would be expected to occur in humans, rats are still the most widely used model in SCI experiments (D). Scale bars: 100 μm (A & B). Injections performed according to Hellenbrand et al. (2013). SCI: Spinal cord injury; BBB: Basso, Beattie, and Bresnahan scale.](NRR-14-7-g001){#F1}

This review discusses the differences between animal and human responses to SCI in order to better elucidate the causative factors in the discrepancy of post-SCI recovery rates. This includes establishing an understanding of the cellular and molecular mechanisms occurring in the spinal cord following injury amongst different species. Additionally, we discuss a comparison of the post-SCI intracerebral and intraspinal plastic reorganization observed across rats and mice, non-human primates, and humans. Finally, the discussion closes with an analysis of interventions being researched and implemented to induce neuroplasticity in humans with SCIs.

Literature Review {#sec1-2}
=================

The articles used in this neuroplasticity review were retrieved by replicating the search terms of Sharif-Alhoseini et al. (2017). An electronic search of the Medline database for literature describing animal models of SCI from 1946 to 2018 was performed using the following conditions: SCI (MeSH Terms) AND (Models, Animal (MeSH Terms) OR Behavior, Animal/Physiology (MeSH Terms) OR Animal Experimentation (MeSH Terms). The results were further screened by title and abstract to only present rats, mice and non-human primates. Non-SCI experiments and review articles were also excluded.

In addition, an electronic search of the Medline database for methods of inducing human plasticity was completed. This included publications prior to March, 2018, with the following search criteria: spinal cord injury (SCI), inducing plasticity, human plasticity, and spinal cord plasticity. Subsequent searches were completed that were specifically relevant to each method discussed in the inducing plasticity with the following terms: locomotor training (LT), brain-machine interface (BMI), virtual reality (VR), and hypoxia. The articles that did not correspond to human models of SCI were excluded.

Pathophysiology of SCI {#sec1-3}
======================

The CNS response following SCI establishes a unique inflammatory environment that has yet to be fully understood. This response is constituted by a multi-stage cascade of events at the gross, cellular, and molecular levels, each of which maintain drastic time-course variations, lasting from minutes to years after the injury (Silva et al., 2014). These phases consist of the primary, secondary, and tertiary inflammatory responses produced by the CNS, as well as an attempt at compensatory neural reorganization.

The primary stage occurs at gross anatomical level, arising from the injury itself; this phase is more the direct effect of the mechanical maceration, laceration, contusion, compression, or infarction affecting the spinal cord (Darian-Smith, 2009; Silva et al., 2014). Bleeding and the initiation of cell death are the two primary characteristics of damage associated with this phase (Darian-Smith, 2009). The presence of a secondary stage of damage was first proposed in 1911 by Dr. Alfred Allen (Allen, 1911); and, subsequent research over the last century has validated the existence of this secondary response phase.

The secondary stage consists of a series of vascular, biochemical, and cellular events occurring within minutes to weeks following the initial injury (Darian-Smith, 2009). This stage is the most complex, and, consequently, the least understood of the SCI phases. The vascular changes occurring during this timeframe result in severe complications including edema, ischemia, hypoxia, necrosis, inflammation, and a reduction in spinal perfusion (Tator, 1991; Tator and Fehlings, 1991; Bareyre and Schwab, 2003; Darian-Smith, 2009). The biochemical fluctuations are composed of events such as free radical and nitric oxide formation, lipid peroxidation, excitotoxic changes with specific regard to glutamate, protease release, and ionic imbalances of Na^+^, K^+^, and Ca^2+^ (Darian-Smith, 2009; Silva et al., 2014). These events result in a series of complications such as: oxidative death, reduced blood flow, edema, structural disruption of lipid layers, depolarization, metabolic enzyme impairment, loss of cellular function, tissue dissolution, and, most significantly, general neuron cell death (Sandler and Tator, 1976; Goodman et al., 1979; Hall and Braughler, 1982; Jamme et al., 1995; Farooque et al., 1996; Stys, 1998; Xu et al., 1998; Liu et al., 1999; McAdoo et al., 1999; Toborek et al., 1999; Darian-Smith, 2009). The cellular changes observed in the secondary stage consist of upregulation of macrophages and neutrophils, apoptosis, Wallerian degeneration, and the greatest level of inflammatory response (Beattie et al., 2000; Darian-Smith, 2009; Silva et al., 2014). The direct processes and subsequent effects of these changes are not well understood. It's thought that apoptosis of oligodendrocytes via the activation of microglia, particularly, may contribute to demyelination (Crowe et al., 1997; Shuman et al., 1997). Microglia activation as well as upregulation of cytokine and reactive oxygen species by increased leukocyte extravasation contribute to further damage at the injury site (Means and Anderson, 1983; Popovich et al., 1997; Taoka et al., 1997; Mabon et al., 2000). The activation of microglia also contributes to the removal of tissue debris, often resulting in the formation of a fluid filled cyst at the injury site, which contributes to glial scar formation (Fawcett and Asher, 1999). However, it is important to note that the inflammatory response also provides various, time-sensitive tissue repair mechanisms that are not yet fully understood (Donnelly and Popovich, 2008; Silva et al., 2014).

During the course of the secondary stage, significant activity of molecules originating from the external environment also contributes to the inhibition of axonal regeneration. This inhibition arises from molecules such as the myelin-associated Nogo-A protein, the myelin-associated glycoprotein, and proteoglycans (Silva et al., 2014). Nogo-A and myelin-associated glycoprotein are both products of oligodendrocytes, which maintain inhibitory characteristics when bound to their receptors, such as neuron growth inhibition and growth cone collapse, and inhibition of white matter regeneration, respectively (Li et al., 1996; GrandPre et al., 2000; Prinjha et al., 2000; Fouad et al., 2001a; Domeniconi et al., 2002). It is thought these inhibitory molecules share a similar Nogo-receptor (NgR) based signaling pathway, which includes several inhibitory co-receptors and a connection with the neurite outgrowth blocking, growth cone retraction inducing Rho-associated kinase (ROCK) molecule (Bito et al., 2000; Liu et al., 2002; McKerracher and Winton, 2002; Wang et al., 2002; Mi et al., 2004; Shao et al., 2005; Venkatesh et al., 2005; Silva et al., 2014). Proteoglycans, specifically chondroitin sulphate proteoglycans, may also use this NgR signaling pathway (Dickendesher et al., 2012). Chondroitin sulphate proteoglycans are the most well understood of the four recognized proteoglycan classes, and when highly concentrated they establish a growth boundary for axons, contribute to neural pattern formation during development, and limit plasticity *via* synaptic stabilization in adults (Johnson-Green et al., 1991; Levine, 1994; McKeon et al., 1995; Geisert et al., 1996; Yamaguchi, 2000; Corvetti and Rossi, 2005). Finally, the proteoglycans are also known to play a key role in glial scar formation (Fawcett and Asher, 1999; Silver and Miller, 2004).

The glial scar arises as a result of astrocytic activity. It has been shown to maintain beneficial contributions to the healing process for up to two weeks post-injury, influencing blood-brain barrier repair, oligodendrocyte and neuronal death, and inflammatory-mediated cellular intrusion (Silva et al., 2014). However, later it becomes a physical barrier, impeding growth and preventing regeneration of spinal cord axons (Darian-Smith, 2009; Silva et al., 2014). The glial scar formation is considered to be the final step of the secondary phase and first step of the tertiary, chronic phase, following SCI.

The chronic phase of SCI can last days to years after the injury, leading to debilitating neurological impairments such as pain syndromes and mood disorders (Krause et al., 2000; Siddall et al., 2003). The pain syndromes stem from hyperexcitation of sensory neurons in the dorsal horns of the spinal cord causing chronic pain, and can contribute to mood disorders, such as depression, via the activation of the hypothalamic-pituitary-adrenal axis (Taylor et al., 1998; Blackburn-Munro and Blackburn-Munro, 2001; Drew et al., 2001; Hains et al., 2003a, b). Although the general progression of SCI pathophysiology is similar between species, there is variation in timing and neuroplastic capabilities resulting in varied abilities of functional recovery.

Animal Models of SCI {#sec1-4}
====================

The majority of human SCIs are contusions, but many different injury types are studied in animal models (**[Figure 2A](#F2){ref-type="fig"}**). Complete injuries in animal models involve a complete transection of the spinal cord, often done to observe axon growth through the injury site. This method prevents spared pathway reorganization from impacting functional recovery. Incomplete injuries include lateral and dorsal hemisections, contusions, compressions, exocytotic injuries, among others (**[Figure 2A](#F2){ref-type="fig"}**). Contusion and compression models are thought to be the injury models that most closely resemble human SCIs (Sharif-Alhoseini et al., 2017). However, rat spinal cord contusions are less devastating than human spinal cord contusions. Furthermore, the injury type used is strategically determined by the focus of the study, with 37.3% observing for the effect of a drug or neurotrophic/growth factor, followed by 28.9% looking for pathophysiological changes (**[Figure 2B](#F2){ref-type="fig"}**).

![The goal of SCI research varies between studies.\
Contusion injuries are the most commonly seen injury in humans and thus the most studied animal models (A). Although contusions and compressions are thought to best represent an injury seen in humans, other models may be helpful in understanding the cellular and molecular mechanisms post-SCI and the effects of treatments on SCI. An appropriate injury model is chosen depending on the aims of the study (B). Adapted from Sharif-Alhoseini et al. (2017). SCI: Spinal cord injury.](NRR-14-7-g002){#F2}

The creation of standardized SCI procedures has allowed for reproducible results, especially for rat spinal cord contusions and compressions (Zhang et al., 2014). The Basso, Beattie and Bresnahan locomotor scale (Basso et al., 1995), the horizontal ladder test (Lee et al., 2010), the catwalk (Van Meeteren et al., 2003), among other functional testing have allowed for direct comparison between rat SCI studies. This consistency has allowed for seemingly promising SCI treatments in rats, but human applications have yielded minimal positive outcomes (Tator, 2006). Anatomical and functional differences between rats and humans are large contributing factors to the disparity in functional recovery post-SCI. Using non-human primates as an intermediate model before translation to humans may help predict outcomes in humans (Nout et al., 2012).

Reorganization of Neuronal Circuitry in the Spinal Cord {#sec1-5}
=======================================================

The sensorimotor pathway is most extensively defined in the rat and mouse models, as they are the most commonly used for SCI research (**[Figure 1D](#F1){ref-type="fig"}**). There are two general pathways for functional recovery: direct or indirect. Direct or monosynaptic connections between two cells arise with axonal regeneration. Indirect or multi-synaptic connections may help maintain input *via* one or more intermediate neurons, mediating communication between two cells. Spontaneous recovery of sensorimotor function following SCI most often results from the structural rewiring of spared axons and dendrites within the injury site, using both direct and indirect connections (Darian-Smith, 2009). Spared neurons after an incomplete SCI can develop axon collaterals and provide connections rostral or caudal to a glial scar, a process vital in the strengthening of existing connections and the creation of new ones across the injury site (Aoki et al., 1986; Li and Raisman, 1995; Galea and Darian-Smith, 1997b; Fouad et al., 2001b; Weidner et al., 2001; Bareyre et al., 2004; Ballermann and Fouad, 2006; Hagg, 2006; Fouad and Tse, 2008).

When descending corticospinal tract (CST) fibers are spared, combining pharmacotherapy, treadmill training and epidural stimulation can induce reorganization, thus improving functional recovery (van den Brand et al., 2012; Angeli et al., 2014). Without similar interventions, long-distance reorganization is minimal (Bradbury et al., 2002; Kim et al., 2004; Cafferty et al., 2010; Liu et al., 2010). However, the injured CST can undergo spontaneous short-distance sprouting after incomplete SCI with or without intervention (Thallmair et al., 1998; Cafferty and Strittmatter, 2006; Liu et al., 2010; Starkey et al., 2012; Geoffroy et al., 2015).

Rats and mice {#sec2-1}
-------------

In healthy, uninjured rats few axons from the dorsal CST cross the midline to innervate the ipsilateral spinal cord; however, post-incomplete injury, there is an increase of 6 to 10 fold of dorsal CST axons crossing the midline at the cervical and lumbar levels (Ghosh et al., 2009). Intact CST fibers contralateral to the lesion sprout across the midline into the denervated region, both caudal and rostral to the lesion (Thallmair et al., 1998). In addition, axons originating in the ipsilateral spinal cord spread across the transection, innervating spinal cord sections below the injury (Ghosh et al., 2009). This sprouting mediates the emergence of ipsilateral cortical control of ipsilateral hind paw function (Ghosh et al., 2010). It also suggests that compensatory growth by the CST develops indirect connections between the brain and spinal cord (Thallmair et al., 1998; Z'Graggen et al., 1998). However, the ability for the CST to sprout is largely impacted by the age of the animal. Perinatal mice (P7) CST axons may sprout across the midline after contralateral CST injury, but adult mice have a diminished ability to do so (Liu et al., 2010). Plasticity has been seen in minor CST components as well. The dorsolateral and ventral CST may remodel after dorsal CST lesioning, as shown by Bareyre et al. (2005) and Weidner et al. (2001).

Functional recovery after incomplete SCI can also be increased by spared descending motor pathways besides the CST. The rubrospinal tract and CST redundantly control many motor functions in quadrupeds. Zorner et al. (2014) demonstrated that the reticulospinal tract reorganizes after lateral hemisection in rats. Thus, the rubrospinal and reticulospinal tracts may aid in recovery of function when the CST is damaged (Kennedy and Humphrey, 1987; Kennedy, 1990; Kanagal and Muir, 2009; Lee and Lee, 2013; Williams et al., 2014; Siegel et al., 2015).

Propriospinal neurons (PSNs) also play an important role in functional recovery post-SCI (Jane et al., 1964; Basbaum, 1973; Stelzner and Cullen, 1991; Bareyre et al., 2004; Vavrek et al., 2006). Direct connections between the brain and locomotor circuits are not essential if transmission is mediated by *de novo* relay propriospinal circuits around the lesion (Courtine et al., 2008). Significant reorganization of descending tracts with PSNs has been observed post-partial descending tract lesions (Raineteau and Schwab, 2001; Bareyre et al., 2004; Jankowska and Edgley, 2006). After a dorsal hemisection injury, transected CST axons that normally innervate lumbar segments sprouted ipsilaterally into the cervical cord to innervate PSNs (Bareyre et al., 2004). These new CST-PSN connections likely serve as a bypass around the lesion, rerouting cortical stimuli to motor neurons caudal to the injury (Bareyre et al., 2004), as severing the CST at the medulla reverses the functional recovery seen (Bareyre et al., 2004). The CST-PSN connections formed post-SCI included transient connections (short PSNs, not bridging lesion) and long-term connections (long PSNs, bridging lesion) (Bareyre et al., 2004).

Non-human primates {#sec2-2}
------------------

Previous studies have shown that there is a significant loss of CST fibers post-unilateral pyramidotomy (Pernet and Hepp-Reymond, 1975), but the loss is minimal post-cervical lesioning (Wannier et al., 2005). Contradictory to Pernet and Hepp-Reymond (1975), Lassek (1946) and Bronson et al. (1978) demonstrated that CST survival was large, regardless of location of the injury. These spared axons can extend across the lesion site to contribute directly to the spontaneous recovery of dexterous manual movements (Schmidlin et al., 2004, Freund et al., 2006, 2009; Hoogewoud et al., 2013). In addition, collateral sprouting is observed in CST axons caudal to hemi-lesions at both the cervical and lumbar levels (Aoki et al., 1986; Galea and Darian-Smith, 1997a). However, Galea and Darian-Smith (1997a) observed a lack of reorganization of CST projections for over two years post-C3 hemisection, while Aoki et al. (1986) saw an increase in ipsilateral *de novo* CST projections for over 3 years post-hemisection. Moreover, extensive spontaneous sprouting of spared CST fibers occurred in adult rhesus monkeys after low cervical hemisections, resulting in coordinated muscle improvement and hand function and locomotion (Rosenzweig et al., 2010). It was observed that 60% of the CST axon density unilateral to the lesion was restored post-hemisection, likely due to contralateral sprouting of spared CST axons (Rosenzweig et al., 2009, 2010).

The spared CST fibers can also utilize interneurons to regain function. Indirect connections can be formed *via* CST sprouting into interneuron dense regions (Lacroix et al., 2004; Rosenzweig et al., 2009; Nakagawa et al., 2015). Nakagawa et al. (2015) observed preferential sprouting of spared CST fibers into spinal motor neuron regions, innervating motor neurons directly and forming button-like swellings. This preferential sprouting may allow for recovery of dexterous manual movements with limited CST fibers. Recovery can also be achieved with ipsilateral and re-crossing CST fibers (Rosenzweig et al., 2010; Martin, 2012).

Other descending motor tracts can also mediate functional recovery. Lawrence and Kuypers (1968a, b) deduced that the un-lesioned rubrospinal tract can partially take over the function of the lesioned CST. However, this partial recovery does not occur if there is damage to the red nucleus. Also, the reticulospinal tract can partially mediate functional recovery with a lesioned CST (Zaaimi et al., 2012).

Humans {#sec2-3}
------

The large majority of human SCIs are contusions, with significant amounts of surviving white and gray matter that can potentially be used for functional recovery (Kakulas, 1987). Axonal regeneration allowing for direct connection is very limited in humans, but indirect connections between cortical and spinal motor neurons may be used for functional recovery. Burns et al. (1997) demonstrated functional recovery was dependent on the amount of spared tissue in tetraplegic patients. The recovery of function may come from collateral sprouting of damaged or spared pathways, forming *de novo* neuronal circuitry (Bradbury and McMahon, 2006).

Electrophysiology studies have shown the human CST is capable of reorganization. Post-mortem spinal cord tissue shows anatomical changes in the CST, with some changes similar to animal models and others unique to humans (Oudega and Perez, 2012). Despite CST neuron atrophy, demyelination and retrograde degeneration at the injury site (Bronson et al., 1978; Fishman, 1987; Yamamoto et al., 1989; Buss et al., 2004; Wrigley et al., 2009a), normal numbers of CST axons were observed at a distance from the injury, suggesting collateral sprouting of surviving axons (Fishman, 1987). It is evident that the CST in humans is capable of reorganization post-SCI; however, the extent to which this impacts functional recovery is yet to be determined.

The reticulospinal tract in humans interacts with PSNs and other ascending and descending tracts. The reticulospinal tract works alongside the CST in humans, suggesting that if the CST is lesioned, the reticulospinal tract could contribute to functional recovery, especially to the upper limbs. When humans with complete and incomplete chronic cervical SCIs were required to complete tasks involving finger dexterity and grip, reticulospinal tract stimulation increased the speed of certain grip tasks, but not finger dexterity (Baker and Perez, 2017). Uninjured individuals performed all motor tasks quicker with reticulospinal tract stimulation, suggesting that the reticulospinal tract plays a role in recovery of gross hand movement, but not fine motor control post-SCI in humans (Baker and Perez, 2017).

Although the rubrospinal tract is well developed in rats and non-human primates, its function in humans is not well known. In humans, the rubrospinal tract only extends through the upper cervical segments, unlike in rats and non-human primates where it extends the entire spinal cord (Nathan and Smith, 1982). It is thought that the rubrospinal tract became rudimentary as the CST expanded in bipedal species (ten Donkelaar, 1988; Onodera and Hicks, 2009). Thus, the impact of the rubrospinal tract on functional recovery in humans remains unclear.

Differences in Spinal Cord Reorganization Post-SCI Between Animal Models {#sec1-6}
========================================================================

As the major descending motor pathway from the cerebral cortex to the spinal cord, the location, function, and size of the CST plays an important role in functional recovery post-SCI. Observed in **[Figure 3](#F3){ref-type="fig"}**, the CST has a prominent dorsal region in rats, but is only present in the lateral and anterior regions in humans. The function of the CST thus differs between species. CST axons in rats must synapse onto interneurons to relay information to motor neurons, as no direct CST-motor neuron connections exist (Lemon and Griffiths, 2005). However, in primates, direct corticomotoneuronal projections omit the need for interneuron connections for forelimb movement (Nakajima et al., 2000). In addition to the evolution of direct corticospinal connections, an increase in the size and number of corticospinal fibers and excitatory postsynaptic potentials of the cortical neurons is observed in non-human primates and humans (Courtine et al., 2007).

![Comparison of spinal cord tracts.\
Transverse sections of the rat (A-C) and human (D) demonstrating the approximate locations and sizes of the corticospinal, rubrospinal, and reticulospinal tracts. Rats were injected with an anterograde tracer, biotinylated dextran amine, into the motor cortex (A), reticular formation and red nucleus (B). Injections performed according to Hellenbrand et al. (2013). The corticospinal tract (CST) has larger lateral fibers in humans (yellow), while there is no dorsal CST in humans as compared to rats, who have a large dorsal CST (green). Both rats and humans have a ventral CST (pink). The rubrospinal tract (red) is prominent in rats, but largely reduced in humans, only passing through the upper cervical levels. All species express the reticulospinal tract (blue) prominently, with slight variations in location and size. High order non-human primates more closely resemble humans; however, tract size and exact location varies between non-human primate species. Adapted from Silva et al. (2013) and Watson et al. (2009).](NRR-14-7-g003){#F3}

In non-human primates, the CST has a strong influence on the activity of several clusters of motor neurons in the spinal cord, which then innervate distal muscles of the hands and feet (Courtine et al., 2007). For non-human primates, it is the most vital control pathway used for voluntary manual dexterity and is used for fine hand and finger movements (Darian-Smith, 2009). In rats, the CST plays a less important role in forepaw movement (Darian-Smith, 2009). The human CST is also responsible for gross and fine motor movement of the hands. The difference in location and function of the CST between species likely contributes to the varying degrees of functional recovery observed.

A prominent difference between humans, non-human primates, and rats is the presence of the rubrospinal tract. Across these species, the reticulospinal tract is thought to contribute to functional recovery in varying extents, but the rubrospinal tract likely has a limited contribution to functional recovery in humans. Bipedal species observe a reduction in the rubrospinal tract, likely due to the growth of the CST during the evolutionary transition from quadrupedal to bipedal (ten Donkelaar, 1988; Onodera and Hicks, 2009). Thus, quadrupeds like rats, and to an extent, non-human primates observe rubrospinal tract reorganization post-SCI while humans may not. It is possible for the rubrospinal tract to have an impact on functional recovery in humans, especially for cervical level injuries, but to the extent this occurs is not well known.

The pathophysiology of SCI also varies between species. The spinal shock phase lasts for several weeks or more in humans, but only lasts hours or days in animal models (Smith and Jeffery, 2005). Considering a significant amount of spontaneous functional recovery is seen within 2--6 months of injury (Bradbury and McMahon, 2006), the length of the spinal shock phase may affect spontaneous functional recovery, however, it is related to the rehabilitative treatment. In addition, the lesion area of chronic SCI in humans seems to contain less reactive astrocytes (Bunge et al., 1993; Puckett et al., 1997) than rodents (Murray et al., 1990). This reduced astrogliosis may impact long-term functional recovery.

Although axon sprouting may lead to functional recovery, it can also lead to aberrant connections with potentially detrimental consequences. Pain and autonomic dysreflexia have been attributed to increases in primary afferent sprouting in animal models (Romero et al., 2000, Weaver et al., 2006). Pain, autonomic dysreflexia, and spasticity are also common in humans with SCI and are likely increased with aberrant connections (Balazy, 1992; Burchiel and Hsu, 2001; Siddall et al., 2003; Adams and Hicks, 2005; Karlsson, 2006). In addition, the formation of cavities (Williams et al., 1981; Bunge, 1994; Fitch et al., 1999) and the slow spread of cell death from the injury site (Dusart and Schwab, 1994; Liu et al., 1997) impact recovery in humans and animal models alike.

Reorganization of Neuronal Circuitry in the Brain {#sec1-7}
=================================================

The brain is continuously changing in response to learning, stimuli, and injury. Within minutes post-injury, continuing for several days, sensorimotor loss post-SCI induces reorganization within the brainstem cuneate nucleus and primary sensorimotor areas and their surrounding regions (Donoghue et al., 1990; Jain et al., 1997; Xu and Wall, 1999). Changes may include alterations in neuronal activity, synaptic efficacy (Dunlop, 2008), and astrocytic activity, in addition to changes in length and diameter of already established dendritic branches, or the growth of new ones (Bayona et al., 2005). This reorganization does not guarantee functional recovery; however, it does provide a good basis for motor recovery (Wolpaw, 2007).

Rats and mice {#sec2-4}
-------------

Early studies showed thalamocortical reorganization after lesions of the dorsal columns or of the gracilis nucleus (Wall and Egger, 1971). However, Jain et al. (1995) observed absence of any cortical reorganization up to 3 months after unilateral dorsal column section at T6--8, with neurons in the deafferented hindlimb cortex unresponsive to all input. This was similarly observed with complete thoracic spinal cord transection (Graziano et al., 2013). Cortical reorganization appeared to be confined to one week post-injury in thoracic bilateral dorsal sectioning (Ghosh et al., 2010) when using voltage-sensitive dye imaging (VSD). When thalamocortical reorganization occurs, it plays a critical role, observed by functional magnetic resonance imaging (fMRI) (Seminowicz et al., 2012) and altered subcortical processing (Moxon et al., 2014). However, it is especially involved in the development of neuropathic pain and disruption of thalamic processing (Hains et al., 2005, 2006; Masri et al., 2009; Whitt et al., 2013).

The motor and sensory cortices contribute to reorganization post-SCI. fMRI has shown increased blood-oxygen-level dependent signaling in the primary somatosensory cortex (S1) in response to stimulation after thoracic contusion (Hofstetter et al., 2003), thoracic transection (Endo et al., 2007), and thoracic bilateral dorsal section (Ghosh et al., 2010). Lateral hemisections have shown that the forelimb cortices responded to ipsilateral and contralateral forelimb stimulation (Ghosh et al., 2009; Bazley et al., 2014). After transection of the spinal cord, reorganization of the motor cortex (MC) is also seen (Raineteau and Schwab, 2001). The dense network of axons that exists in the MC connect different sub-regions with horizontal pathways regulated by gamma-aminobutyric acid (GABA). However, reorganization of the MC still needs to be better understood (Fouad et al., 2001b; Oza and Giszter, 2014).

Non-human primates {#sec2-5}
------------------

The sprouting of spared CST fibers to descending motor systems may induce the incorporation of new neurons into the existing architecture of newly cell-deficient regions of the brain. After complete high cervical dorsal column sectioning, portions of forelimb, trunk, and hindlimb representations in areas 3b and 1 of the somatosensory cortex become deactivated (Jain et al., 1997). In 6--8 months post-injury, afferents remaining from the arm activate neurons from the previously deafferented hand representations in areas 3b and 1 (Jain et al., 1997). In addition, afferents from the chin reactivated former hand representations and medial trunk and hindlimb representations (Jain et al., 1997). This reorganization is related to the sprouting within the trigeminal-dorsal column complex in the brainstem (Jain et al., 2000; Kambi et al., 2014) and is also observed at the thalamic level (Jain et al., 2008). Similar results were seen with incomplete dorsal column sections. Spared ascending axons from hand afferents contribute to the reactivation of somatosensory hand representations (Jain et al., 1997). This was dependent on the sprouting of preserved forelimb afferents in the cuneate nucleus. Reactivated cuneate neurons activated more neurons in the contralateral ventroposterior nucleus (Jain et al., 2001, 2008), which may have allowed for additional sprouting and spread of activation. Regions that were reactivated from spared hand or foot afferents were still responsive to input from the face, suggesting that these neurons became responsive to both face and hand (Jain et al., 1997, 2000).

However, axonal sprouting between borders, such as the hand and face, has been shown to produce phantom limb sensations rather than contribute to functional recovery (Kaas et al., 2008). Some functional recovery is observed with long-term reorganization in regards to finger dexterity (Schmidlin et al., 2004; Nishimura et al., 2007; Kambi et al., 2011), but near-normal recovery of cortical hand representation is correlated with higher functional recovery of the hand (Qi et al., 2014).

Impaired hand use after dorsal column sectioning may reflect motor cortex dysfunction from the disruption of sensory input from somatosensory cortical areas. The secondary somatosensory cortex (S2) and the parietal ventral area depend on areas 3b and 1 for activation. The output for S2 and parietal ventral area are to motor and pre-motor regions of the frontal lobe, in addition to posterior parietal regions that project to these motor regions (Kaas, 2004). Thus, it is plausible that the deactivation and reactivation of regions 3b and 1 impact all somatosensory cortical processing (Kaas et al., 2008; Tandon et al., 2009).

Humans {#sec2-6}
------

In humans, 30% of CST fibers arise from the primary MC (MC1 or Brodmann area 4), 30% from the premotor cortex (PM), and 40% from the somatosensory cortex. fMRI and positron emission tomography have shown increased activation of MC1, supplementary motor area (SMA) (Dettmers et al., 1995, 1996; Cramer et al., 2002), pre-motor cortex (PM) and the cerebellum (Dai et al., 2001) as force increases, which can occur in a few ways (Moxon et al., 2014).

First, the activation of MC1 can be shifted posteriorly (Green et al., 1998; Turner et al., 2003). Post-SCI, the increased loss of axons in MC1 may allow surviving S1 axons to contribute to the damaged CST. This is observed by an increase in activity in S1 (Green et al., 1999). This was observed in individuals with American Spinal Injury Association (ASIA) A--D, 4 to 6 weeks post-SCI. It is thought that a posterior shift may be a result of hyperactive S1 axons in neuropathic pain (Turner et al., 2003), or that the S1 axons are less susceptible to damage due to their location (Green et al., 1999). However, it is currently unknown which theory is true.

Second, the shift in activation can be in the direction of the deafferented representation within MC1, depending on the chronicity of the SCI. In some individuals with ASIA A--C, the displacement correlated to the time since SCI (Lotze et al., 2006). Within one year of the SCI, the displacement was minimal. From the same individuals who observed a posterior shift in Green et al. (1999), some observed an anterior shift as recovery progressed. It is possible that early after injury a posterior shift is observed, moving anterior towards the deafferented representation within MC1 as time goes on (Kokotilo et al., 2009).

The level of injury also plays a role, as those with paraplegia will have different reorganization as compared to those with tetraplegia (Bruehlmeier et al., 1998). A posterior shift in activation within M1 was seen in individuals with thoracic injury or higher. Transcranial magnetic stimulation has shown enlarged cortical sensorimotor areas of muscles preserved above the injury in tetraplegia (Levy et al., 1990), with medial-superior shifts in cortical activation with tongue movements (Mikulis et al., 2002). A complete injury can cause abnormal brain motor function during attempted or imagined movement (Cramer et al., 2005), but stable cortical topography can be established in incomplete injuries (Corbetta et al., 2002). Thoracic injuries, or lower, observe a shift in activation towards the deafferented region. An increased excitability and representation of muscles rostral to the injury is also observed with paraplegia (Topka et al., 1991; Curt et al., 2002a). It is known that afferent feedback is important for motor control, but the mechanism by which level and severity of the injury impact reorganization is not known. SCI has also been shown to affect the speed of cortical spontaneous electroencephalography activity in addition to affecting evoked sensorimotor activity (Tran et al., 2004; Boord et al., 2008; Wydenkeller et al., 2009).

Although cortical reorganization occurs post-SCI, it is associated with phantom sensations and neuropathic pain, in addition to functional recovery (Ness et al., 1998; Moore et al., 2000; Boord et al., 2008; Wrigley et al., 2009a, b, Wydenkeller et al., 2009; Gustin et al., 2010, 2012). Post-SCI, reduction of GABAergic inhibition in excitatory synapses is an important cause of short-term plasticity by contributing to the maintenance of projection neurons to the deafferented nuclei and cortices by keeping a state of increased excitation (Chen et al., 2002; Navarro et al., 2007). This increase in excitability of neurons in the sensory pathways contributes to subcortical and cortical reorganization, but also neuropathic pain (Navarro et al., 2007). The expanded activation of the somatosensory cortex is correlated with referred sensations, as shown with fMRI (Wall et al., 2002). In adolescents potentially, maladaptive plasticity after injury may account for long-term physical and emotional impairments. An increase in inhibition and a decrease of excitatory neurotransmission may affect long-term potentiation and long-term depression, which is associated with impaired plasticity and synaptogenesis in a developing brain (Li et al., 2014). Thus, age-specific treatments and injury prevention strategies are necessary.

Inducing Neuroplasticity in Humans {#sec1-8}
==================================

Beginning in the late 20^th^ century, research regarding functional recovery, through means of physical rehabilitation and activity after SCI, began to play a new role in the post-injury treatment of patients. This was a shift from the near century old misguided belief that the CNS was incapable of repair and compensation-centered care (Behrman et al., 2006). Locomotor training (LT) therapies rely on activity-dependent, intrinsic plastic capabilities of the CNS. These methods centralize on activating the neuromuscular system below the injury level by stimulating the residual neural networks *via* familiar sensory input, thus inducing adaptive neural output and promoting modifications within the network (Harkema et al., 2012). Physical activity in animal models has been shown to have positive neuro-rehabilitative and neuroregenerative properties, which promote both macro and micro scale intrinsic recovery after SCI (Lovely et al., 1986; Skinner et al., 1996; de Leon et al., 1998; Rossignol et al., 1999; Beaumont et al., 2004; Engesser-Cesar et al., 2005; Cohen-Adad et al., 2014; Detloff et al., 2014; Theisen et al., 2017).

LT in humans has been shown to aid in the recovery of function in individuals with SCI and has accordingly been adopted into the clinical setting as a staple of SCI rehabilitation. Nevertheless, although LT has proven beneficial for recovery, further research is needed to determine which method provides the optimal conditions to afford the greatest level of relief (Morawietz and Moffat, 2013). LT can include the use of treadmills, such as in body weight-supported treadmill training, or robotic assistance to restore or improve functional ability in the lower extremities. These techniques, particularly when body-weight support assistance is provided, have been shown to enhance many factors of function on the gross scale including increased walking speed, ability to cover greater distances, improved balance and body weight-bearing, kinematics, and reduced spasticity (Harkema et al., 2012; Knikou, 2013; Manella and Field-Fote, 2013). Moreover, LT has also expressed beneficial impacts on somatosensory and corticospinal excitability, greater MC functional connectivity, normalization of the H-reflex phase-dependent modulation, electromyographic activity in leg muscles correspondent to movement, and reappearance and alterations of early and late flexor reflexes, respectively (Edgerton et al., 2006; Knikou, 2013; Smith et al., 2014; Chisholm et al., 2015).

Neuroplasticity in humans has also been induced in individuals with SCI after undergoing acute intermittent hypoxia (AIH) treatments. These treatments have been shown to activate chemoafferents in rodents, which in turn strengthen synaptic input and motor output *via* the release of episodic serotonin, brain-derived neurotrophic factor synthesis, and tyrosine kinase (TrkB) activation (Baker-Herman and Mitchell, 2002; Baker-Herman et al., 2004; Trumbower et al., 2012; Hayes et al., 2014). Regarding implementation in human studies, AIH is still a novel technique; though, initial results are encouraging. In 2012, a single AIH treatment consisting of alternating 9% O~2~ with 21% (environmental) O~2~ for a total of 15 episodes was, for the first time, shown to increase both motor output from the lumbosacral region via gastrocnemius electromyography and maximal voluntary ankle plantar flexion strength in individuals with SCI (Trumbower et al., 2012). A more recent study, completed in 2016, also found significantly enhanced ankle strength, up 30% from baseline, one hour after AIH, with an additional correlation observed between ankle strength and electromyography of the gastrocnemius and soleus muscles (Lynch et al., 2017). Determining AIH contributes to enhancing ankle strength presents a particularly important finding, as decreased ankle strength is a major mobility limiting characteristic of SCI, suggesting the opportunity for integration with the aforementioned rehabilitation techniques, possibly enhancing their results.

Building off the idea that AIH and LT would be mutually beneficial, Hayes et al. (2014) found daily AIH alone for five days increased walking speed and endurance, and even further enhancements in endurance were observed with daily AIH combined with LT in patients with chronic SCI. These findings are unique in that clinically significant changes in both endurance and speed were observed after just a five-day period in more than 70% and 30% of patients, respectively; whereas, traditional LT typically takes weeks to months to show clinically significant results (Hayes et al., 2014). Furthermore, Navarrete-Opazo et al. (2017) used an extended AIH protocol comprised of five treatments in the first week and three treatments in each of the subsequent three weeks, in combination with body weight-supported treadmill training. This demonstrated an increased walking speed and walking endurance after the first week, with walking endurance increased and speed maintained throughout the remaining three weeks. In several of the patients, these improvements persisted for up to five weeks post AIH (Navarrete-Opazo et al., 2017). The results of these studies, though limited in size, suggest that a combinatorial implementation of AIH and LT may be an effective, non-invasive, alternative therapy to induce plasticity and promote functional recovery following SCI.

Moreover, with newly developed technologies, SCI research has begun to wholly integrate modern machines into the therapies used to aid in recovery. One such integration is that of brain-machine-interface (BMI) training, with human test trials beginning in the early part of the 21^st^-century (Lebedev and Nicolelis, 2017). Unlike neurodegenerative diseases, SCI offers a relatively stable condition with a minimally affected MC, creating a most suitable environment for BMI integration (Curt et al., 2002b; Hotz-Boendermaker et al., 2008; Freund et al., 2011; Harkema et al., 2011; Collinger et al., 2013). These interfaces offer a bypass of the lower motor neurons, creating a direct link between the cortical motor neurons and peripheral nervous system or target muscles by means of functional electronic stimulation, prosthetics, or the spinal cord through epidural stimulation or intraspinal microstimulation (Chapin et al., 1999; Freund et al., 2011; Lebedev and Nicolelis, 2017). BMI integrations also show facilitation of neuroplasticity in monkeys through activity dependent neuromodulation and induced long-term potentiation (Fitzsimmons et al., 2009). With respect to animal models, these methods appear promising, though a large-scale translation to the human model will surely prove challenging.

BMI with functional electronic stimulation integration has shown promising results in several small-scale human trials and case studies for the recovery of upper limb movement after tetraplegia (Pfurtscheller et al., 2003, 2005; Bouton et al., 2016). These patients have been able to move prostheses, in the form of robotic arms and hands, to grasp and move simple objects through individualized training with BMI systems. Though no studies, to our knowledge, have been completed regarding the use of only functional electronic stimulation with BMI to attain lower limb functional recovery in humans, King et al. (2015) tested the feasibility of an functional electronic stimulation integrated BMI on a single paraplegic man in 2015, for the first time, demonstrating brain-controlled over ground locomotor function was feasible. Similarly, a 2014 study by To et al. (2014) explored the option of using functional neuromuscular stimulation for propulsion in combination with an exoskeleton for stability. The initial tests showed potential for use in rehabilitation of paraplegic individuals (To et al., 2014). Additionally, early data from non-human primate studies, have shown prospective for future use in humans (Lopez-Larraz et al., 2016; Lebedev and Nicolelis, 2017).

Furthermore, with regard to BMI control of prostheses, several human trials have shown applicability of this technique, but only one has, in combination with other techniques, demonstrated functional recovery. The BMI prostheses mechanism used in functional recovery therapy of paralysis of the lower limbs due to SCI is a variation of the type exoskeleton mentioned in the preceding section of this paper; and, like those therapeutic techniques, these BMI therapies can be considered a type of LT. Recent developments in BMI controlled lower limb exoskeletons have proposed user-interpreted electroencephalography recordings, such as steady-state visual evoked potentials, as a feasible alternative control system (Do et al., 2013; Kwak et al., 2015 Lopez-Larraz et al., 2016). Alternatively, the NeuroRex exoskeleton, developed in 2013, uses an electroencephalography recording to interpret and assist in the movement of impaired individuals (Contreras-Vidal and Grossman, 2013). The goal selection system, like the NeuroRex exoskeleton, provides a less fatiguing technique that is both faster and more accurate than the user-interpreted electroencephalography model (Royer et al., 2011). However, each of these studies was completed as a proof of concept to test the application of this technique rather than to determine the impact on recovery.

Another approach currently under development is the direct stimulation of the spinal cord below the injury through epidural stimulation or intraspinal microstimulation. Epidural stimulation requires direct electrode placement over the spinal cord (Lavrov et al., 2008; Hachmann et al., 2013). Using this method, paralyzed subjects in recent studies were able to elicit voluntary muscle control in the lower limbs for brief periods of time, upwards of twenty-five minutes, years after the initial injury (Harkema et al., 2011; Angeli et al., 2014; To et al., 2014). Intraspinal microstimulation, however, involves implantation of the stimulating electrodes within the spinal cord ventral grey matter (Bamford and Mushahwar, 2011). Application of intraspinal microstimulation in animal models has produced very promising results for SCI. Nevertheless, the requirement for implantation has raised several issues, including electrode-tissue biocompatibility and reversibility of the electrode-tissue interface charge capacity injection, among others, which have hindered implementation in human (Rosich et al., 2017).

Donati et al. (2016) described, what is considered to be, the first ever clinical study to show significant, partial recovery of neurological function across multiple individuals with chronic SCI, which is both consistent and reproducible. Through long-term training with virtual reality (VR) immersion, visual-tactile feedback, and two BMI-integrated exoskeletons, individuals were able to regain voluntary muscle control below the SCI and attain some level of improvement in somatic sensations. Specifically, half of the subjects were upgraded from complete to incomplete paraplegia and all saw improvements in neurologic sensation below the injury site (Donati et al., 2016). The results of this groundbreaking study suggest that combination therapy may be the best technique to induce plasticity in the human with SCI.

VR offers a unique strategy, serving as a platform to alter the sensory-perceptual experiences of the brain, forcing a compensatory response in the brain. This system is unique in that it provides immediate sensory feedback in a safe, customizable, immersive, and true-to-life environment, otherwise unattainable for patients with damage to the CNS (Rose et al., 1999; Kizony et al., 2005). The feasibility of virtual reality environments for neurological rehabilitation has been thoroughly tested, with results showing promising application with balance abilities, motor imagery facilitation tasks, control of BMI-exoskeletons, and electroencephalography-based BMI with functional electronic stimulation integration (Wang et al., 2012; King et al., 2013; Villiger et al., 2013; Roosink et al., 2016). Like many other techniques discussed in this section, the application and impact of VR rehabilitation on recovery of SCI has been minimally tested.

In 2013, Villiger et al. (2013) used an uncontrolled study of a virtual reality environments, in which the incompletely-injured patient could see virtual legs from a first-person point of view, combined with individual muscle training. Improvements were seen in lower limb function through balance, walking capacity, and strength, as well as through reduced neuropathic pain intensity and irritation. Two studies completed in 2016 offered further evidence for the positive impact of VR rehabilitation of SCI. The first was completed by Donati et al. (2016). The second, completed by Shokur et al. (2016), used a combination of VR and tactile feedback by means of sensory substitution and remapping. This combination elicited the incorporation of the virtual legs into the body schema, perception of the virtual legs' position, and sensation of virtual floor textures. Lastly, Khurana et al. (2017) reported improvements in balance and functional performance in paraplegics after training with a VR-based game, greater than in paraplegics using task-specific, real-world, balance training.

Though it is clear these methods offer a beneficial approach to inducing plasticity in humans, further investigation is necessary to better understand the cellular and molecular actions taking place as a result of their implementation. With a more developed understanding of the intrinsic plastic capabilities of the CNS and of how exactly these techniques work to harness those properties, researchers will be able to better determine which methods can be combined to provide a more highly targeted and effective therapeutic path to recovery.

Conclusions {#sec1-9}
===========

The evolutionary-based differences in the location and function of the descending motor tracts plays a large role in the functional recovery observed between species. The redundant, prominent motor tracts in rats allow for effective rerouting around the injury. The enlarged CST in primates, along with the reduced rubrospinal tract in humans may impact the efficacy of plasticity in humans. Continuing to evaluate the differences in tract reorganization between quadrupedal and bipedal species in conjunction with the use of locomotion therapy may contribute to future treatments.

Recent advances in technology have allowed for novel treatment methods to be tested in animal models and humans to improve functional recovery. The results are promising, giving hope to finding more effective therapies for humans. Although rats are a necessary starting point, we need to consider other models that better imitate the limitations of the human CST to better gauge the utility of therapeutic approaches.
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